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tethering of Esyt to ER-PM contact sites (Bian et al., 2018; Yu et al., 2016) and that this is 118 linked to the lipid transfer activity of the SMP domain (Idevall-hagren et al., 2015; Yu et al., 119 2016) . Thus, two independent roles have been proposed for Esyt; one as a member of a group 120 of proteins that function as a tether at ER-PM contact sites and another as a lipid transfer 121 protein via its SMP domain. Yet, the yeast Dtether strain, that lacks all Esyt genes shows 122 remarkably mild phenotypes (Omnus et al., 2016) . A triple knockout of mouse Esyt1, 2 and 123 3 is viable and shows no major changes in brain morphology, synaptic protein composition 124 and stress response (Sclip et al., 2016) . Even so, another in vitro study on Esyt2 −/− /Esyt3 −/− 125 mouse embryonic fibroblast cells exhibit declined migratory potential and are vulnerable to 126 stressed culture conditions (Herdman et al., 2014) questioning the role of Esyts in 127 supporting function in vivo. Interestingly, in Drosophila, Esyt is reported to be localized to 128 the presynaptic compartment in the neuromuscular junction and implicated in regulating 129 neurotransmitter release and synaptic growth (Kikuma et al., 2017) . Therefore, the in vivo 130 function of this highly conserved protein family and the role of Esyt in supporting contact 131 site functions remain unresolved. 132
133
In Drosophila photoreceptors, sensory transduction is mediated by G-protein coupled 134 phospholipase C mediated PIP2 turnover (Raghu et al., 2012) . The biochemical reactions 135 that constitute the PIP2 cycle in these cells is organized around an ER-PM contact site 136 between the sub-microvillar cisternae (SMC), a specialized compartment of the ER and the 137 microvillar PM [reviewed in ]. Localized to this contact site is a multi-138 domain protein Retinal Degeneration B (RDGB), that includes an N-terminal 139 phosphatidylinositol transfer domain (PITP) that can transfer PI and PA in vitro; binding 140 of PI to the PITP domain is essential for the in vivo function of RDGB (Yadav et al., 2015) . 141
Loss of this function in flies lacking RDGB protein results in key in vivo phenotypes: reduced 142 electrical response to light (reduction in ERG amplitude), delay in PIP2 resynthesis and light-143 dependent degeneration of photoreceptors (retinal degeneration) [reviewed in (Cockcroft 144 et al., 2016) ]. Thus, Drosophila photoreceptors offer an ideal in vivo model to test the 145 mechanisms that control ER-PM contact site structure and lipid transfer. In this study, we 146 have generated a loss-of-function mutant for the only Esyt in Drosophila and studied its 147 6 phenotypes in photoreceptors. We find that PLCb dependent Esyt function is required to 148 support ER-PM contact site structure as well as the lipid transfer function of RDGB in vivo. 149 150
Results

151
A single gene encodes for Esyt in Drosophila 152
Bioinformatic analysis revealed that the Drosophila genome encodes a single ortholog of 153 human Esyt and the tricalbin proteins of yeast ( Fig 1A) . The Drosophila extended 154 synaptotagmin gene (dEsyt) is CG6643 located on the third chromosome (cytolocation 155 96A7-96A7). dEsyt encodes for four different transcripts: RA, RB, RC and RD that are 156 identical except for a 75 bp sequence between the 2 nd and 3 rd C2 domain coding regions 157
where each isoform has different sequences. Sequence comparison for all four transcripts 158 showed that the RA CDS is the shortest, lacking 100 nucleotides at the 5' end and the RD 159 transcript specifically lacks 9 nucleotides which encode for 3 amino acid residues that are 160 identical in the other three transcripts. When aligned with human Esyt1 (GI: 296317244), 161 CG6643 shows 93% query coverage and 35% sequence identity with all four isoforms. The 162 protein domain structure of dEsyt is conserved with that of the human and yeast orthologs 163 ( Fig 1B) . For e.g in hEsyt proteins, a single N-terminal SMP domain and multiple C2 164 domains are described. dEsyt sequence shows the presence of an SMP domain and three C2 165 domains. This feature along with the conserved interdomain distance makes dEsyt most 166 similar to hEsyt2 and hEsyt3. Transcriptome analysis indicates that dEsyt is ubiquitously 167 expressed across tissues and during all developmental stages 168 (http://flybase.org/reports/FBgn0266758). However q-PCR analysis showed that dEsyt 169 transcripts are enriched in the head compared to the body ( Fig 1C) ; however a comparison 170 between transcript expression in heads of wild type and so D (that lacks eyes) suggests that it 171 is not enriched in the eye ( Fig 1D) . 172 173
Generation of dEsyt KO using CRISPR mediated deletion 174
To examine a possible function of dEsyt, a null allele was generated using CRISPR/Cas9 175 based genome editing (Kondo and Ueda, 2013). Two sgRNAs were designed in the dEsyt 176 genomic region, one sgRNA targeted the 5' end (approximately 250 bp downstream of the 7 start codon, Target sequence: CCTCTCGGTGGCACGCGACCAGTTGG) and the second 178 sgRNA targeted a region downstream of the second C2 domain in exon 12 (Target sequence: 179 GCTGAAGCAATTCAATATGGAGG). The sites of the sgRNAs were chosen so as to not 180 affect nearby genomic regions implicated in other processes (such as small nuclear RNA U6 181 gene and gene for tRNA Aspartic acid located near exon 13 of dEsyt). The resulting genome 182 edit should remove 488 amino acids of the coding sequence from the 72 nd amino acid in the 183 splice variant PA and from the 105 th amino acid in the splice variants PB, PC and PD of the 184 dEsyt open reading frame which also includes the region encoding the SMP domain and the 185 C2A domain (Fig 2A) . the dEsyt genomic region. The mutant allele generated a band of 412 bp as against 3.7 kb 196 region in controls ( Fig 2C) . Sanger sequencing of this PCR product was used to confirm the 197 exact breakpoints ( Fig 2B) ; this allele is referred to as dEsyt KO . 198 199 dEsyt KO was validated using RT-qPCR on total head RNA from homozygous flies-this 200 showed negligible amounts of dEsyt transcripts in dEsyt KO compared to controls ( Fig 2D) . 201
Using an antibody against dEsyt for immunoblot analysis (Kikuma et.al 2017) , dEsyt KO was 202 confirmed to be a protein null allele ( Fig 2E) . No change was detected in the transcript levels 203 of the small nuclear RNA U6 gene ( Fig 2F) and the genomic region of tRNA D96A ( Fig 2G) adult flies that eclose are smaller than controls (Sup Fig S1A, B) . These phenotypes can be 211 rescued by pan larval reconstitution with dEsyt cDNA (Sup Fig S1C, D) . Although most 212 dEsyt KO homozygotes do not eclose as adults, when grown on nutrient enriched medium, a 213 small proportion is viable as homozygous adults. 214
215
To test the potential role of dEsyt in supporting lipid transfer at MCS, we studied the 216 phenotypes of these homozygous dEsyt KO in adult photoreceptors. We measured electrical 217 responses to light in adult flies. Electroretinograms (ERG) were recorded from wild type and 218 dEsyt KO adults of matched age and eye colour. We found that the absolute ERG response of 219 dEsyt KO was smaller than that of controls ( Fig 3A) . However the ERG response is an 220 extracellular recording that scales with the size of the eye. Since dEsyt KO are smaller in size 221 than controls, we normalized the raw ERG response of each animal to its body size ( Fig 3B) ; 222 this normalized ERG amplitude was not significantly different between control and dEsyt KO . 223
224
Since contact sites are proposed to support lipid transfer reactions during cell signaling, we 225 tested the requirement for dEsyt in supporting PIP2 turnover during phototransduction. We 226 compared the level of PIP2 at the microvillar PM of photoreceptors in wild type and dEsyt KO 227 flies. To monitor the changes in the PIP2 levels, the PH domain of PLCd fused to GFP 228 (hereafter referred to as PH-GFP) was utilized (Yadav et al., 2015) . This analysis revealed no 229 difference in the basal levels of PIP2 between controls and dEsyt KO ( Fig 3C) . Further, 230
following bright light stimulation to activate PLCb and deplete PIP2 at the microvillar PM, 231 we found no difference in the rate at which PIP2 levels were restored at the microvillar PM 232 rescued by reconstitution with wild type dEsyt transgene ( Fig 3H) . 246 247
Loss of dEsyt enhances rdgB 9 phenotypes 248
It is reported that mammalian Esyt1 enhances the activity of Nir2 by recruiting it to the ER-249 PM junctions subsequent to an elevation in cytosolic calcium levels (Chang et al., 2013) . We 250 tested the function of dEsyt in supporting the activity of RDGB, the Drosophila ortholog of 251
Nir2. For this, we generated a double mutant strain of dEsyt KO with rdgB 9 , a hypomorphic 252 allele of rdgB (rdgB 9 ;dEsyt KO ). Using this strain, we compared the impact of dEsyt deletion 253 on the phenotypes of the rdgB 9 single mutant. We also studied the ERG amplitude in response to a 1s flash of light. As previously reported 264 (Yadav et al., 2015) , rdgB 9 mutants show a reduced ERG amplitude and this was further 265 reduced in rdgB 9 ;dEsyt KO (Fig 4C, D) . Finally we also measured PIP2 levels at the microvillar 266 PM under resting conditions. The PIP2 levels in rdgB 9 are lower than in wild type (Yadav 267 et.al, 2015) and there was no difference in resting PIP2 levels between rdgB 9 and 268 rdgB 9 ;dEsyt KO ( Fig 4F) . However, we also measured the rate of recovery of microvillar PIP2 269 following its depletion by strong PLCb activation. Under these conditions, the reduced rate 270 10 of PIP2 recovery in rdgB 9 was further delayed in rdgB 9 ;dEsyt KO To understand the mechanism by which loss of dEsyt enhances rdgB 9 phenotypes, it was 277 crucial to decipher the localization of dEsyt. Since Esyt proteins have been described as 278 components of MCS in both yeast and mammalian cells, we tested if the same is also true in 279
Drosophila photoreceptors. For this we labelled wild type retinae with anti-dEsyt serum 280 using an antibody against mCherry; here too we found that dEsyt::mCherry was localized to 286 the MCS at the base of the microvilli in photoreceptors ( Fig 5A) ; staining was not seen in 287 wild type photoreceptors not expressing dEsyt::mCherry indicating the specificity of the 288 staining. Collectively, these findings demonstrate that dEsyt is localized at the ER-PM MCS 289 in photoreceptors. 290 291 dEsyt function is required to localize RDGB to ER-PM contact sites 292
One mechanism by which loss of dEsyt might enhance rdgB 9 phenotypes is by reducing the 293 levels of the endogenous RDGB protein. We checked the levels of RDGB protein in dEsyt KO 294 mutants exposed to bright light illumination for increasing time intervals and found that the 295 RDGB protein levels remain unaltered even after retinal degeneration is initiated in dEsyt KO 296 ( Fig 5C) . A second mechanism could be the mislocalization of the RDGB protein away from 297 the ER-PM MCS. In wild type Drosophila photoreceptors, RDGB is strictly localized to the 298 MCS and we found that this localization was not disrupted in newly eclosed dEsyt KO flies 299 ( Fig 5D) . However, when exposed to constant illumination for 6 days post eclosion, dEsyt KO 300 photoreceptors showed mislocalization of RDGB away from the MCS; the protein was now 301 11 diffused across the photoreceptor cell body ( Fig 5E) . By contrast, under the same conditions, 302 RDGB localization to the MCS was retained in wild type photoreceptors ( Fig 5E) . Thus 303 dEsyt function is required for the normal localization of RDGB at the MCS in 304 photoreceptors. 305 306 dEsyt is necessary for PLCβ-dependent modulation of ER-PM MCS 307
The most direct way of assessing MCS structure is by transmission electron microscopy 308 (TEM). We used fixation methods that allowed us to enhance membrane preservation and 309 were able to visualize MCS clearly in photoreceptors ( Fig 6A i, ii) . Such images allowed us 310 to quantify the fraction of PM at the base of the microvilli that was in contact with the SMC 311 sensitive R7 photoreceptor remained constant as a function of age (Fig 6B ii) . We also 316 measured the MCS density in the norpA P24 mutant allele that lacks PLCb protein expression 317 (Pearn et al., 1996) . MCS density in norpA P24 was ca. 30% at eclosion (Fig 6C i, ii) but in 318 contrast to wild type flies, norpA P24 flies did not show any reduction as a function of age; i.e 319 day 14 norpA P24 photoreceptors showed the same MCS density as wild type cells at eclosion 320 ( Fig 6D i) . Thus MCS density in photoreceptors is dependent on age and PLCb activity. 321
322
To assess the contribution of dEsyt to ER-PM MCS structure, we performed TEM on dEsyt KO 323 photoreceptors to visualize and quantify MCS density (Fig 6E iii, iv) . At eclosion, MCS 324 density was not different between wild type and dEsyt KO for R1-R6 photoreceptors (Fig 6E  325 i-iv and 6F i); a similar result was seen in UV sensitive R7 photoreceptors (Fig 6F ii) . Thus 326 loss of dEsyt does not impact the establishment of ER-PM contact sites during development 327
in Drosophila photoreceptors. We then examined MCS density as a function of age in 328 dEsyt KO (Fig7Ai-iv). While MCS density was reduced from ca. 50% (day 1) to 30% at day 14 329
in wild type flies (Fig 6B i) , in dEsyt KO flies, the number of MCS was reduced to almost none 330 by day 14 (Fig 7B i) . By contrast, in UV sensitive R7 photoreceptors, MCS density was only 331 modestly reduced in dEsyt KO (Fig 7B ii) . 332 12 333
We tested the impact of PLCb activity on the enhanced loss of MCS in dEsyt KO . For this, we 334 compared MCS density in dEsyt KO with that in the norpA P24 ;dEsyt KO double mutant ( Fig 7C  335 i-iv). Strikingly, the absence of basal PLCb activity in norpA P24 ;dEsyt KO photoreceptors 336 completely rescued MCS number in 14 day flies; this was in sharp contrast to dEsyt KO flies 337
which at this stage typically shows very few or no MCS (Fig 7C iii, iv and 7D We also examined MCS structure in rdgB 9 photoreceptors (Fig 7E i, ii) . In dark reared flies, 341 just after eclosion, MCS density in R1-R6 photoreceptors was already reduced significantly 342 ( Fig 7F i) . rdgB 9 ;dEsyt KO photoreceptors also showed very few MCS in the photoreceptors 343 ( Fig 7E iii, iv) ; these were quantified only from photoreceptors in which there was minimal 344 degeneration of rhabdomeres ( Fig 7E iii) . Further, rdgB 9 ;dEsyt KO double mutants showed 345 substantially greater rhabdomeral degeneration than rdgB 9 (Fig 4A ii) when reared for 2 days 346 under conditions of 12 hr L/D cycle reflecting the ultrastructural level observations seen in 347 the optical neutralization assays ( Fig 4B) . vivo. However, in this study, we found that a null mutant of the only Esyt in Drosophila 358 showed developmental delay, reduced adult viability and homozygotes that eclosed were 359 smaller than controls; the reduced body size could be rescued by reconstitution with a wild 360 type transgene suggesting an important role for dEsyt in growth. While the cellular and 361 molecular basis of these phenotypes remains to be established, these data clearly 362 demonstrate a function for Esyt in supporting animal physiology in vivo. 363 Importantly, we analysed photoreceptor structure and function in dEsyt KO since this cell type 365 critically depends on lipid transfer activity at its ER-PM MCS for phototransduction (Yadav 366 et al., 2016 (Yadav 366 et al., , 2018 . In newly eclosed dEsyt KO flies, photoreceptor ultrastructure was 367 unaffected and ER-PM MCS density was not different from that in wild type flies. Thus 368 dEsyt is not required during development to establish ER-PM MCS. We also found that 369 dEsyt KO showed normal electrical responses to light and basal levels of PM PI4P and PIP2 as 370 well as their turnover during PLCb signaling was unaffected; this finding implies that dEsyt 371 function is dispensable for PIP2 turnover (that in turn depends on PI transfer at ER-PM 372 MCS) during PLCb signaling. Our observation is consistent with that reported for 373 mammalian Esyt that the SMP domain does not exhibit specific PI transfer activity in vitro 374 Despite the apparent lack of a phenotype in dEsyt KO photoreceptors, we found that loss of 380 dEsyt enhances all three key phenotypes of rdgB 9 , a hypomorphic allele with ca 5% residual 381 RDGB protein in photoreceptors. Importantly, the impact of dEsyt KO on the reduced light 382 response and PM PIP2 levels in rdgB 9 occurred in newly eclosed flies, prior to the onset of 383 retinal degeneration. Conceptually, this enhancement could be due to a change in the levels 384 of the major phototransduction proteins but this was ruled out since we found no alteration 385 in the levels of these proteins (Rhodopsin, PLC, Gq and TRP) in rdgB 9 ;dEsyt KO (Sup Fig S3) . 386
Interestingly, we found that dEsyt KO did not enhance the reduced ERG amplitude resulting 387 from the depletion of dPI4KIIIa (Sup Fig S4) , the enzyme implicated in the conversion of 388 PI to PI4P at the PM of photoreceptors (Balakrishnan et al., 2018) . Thus the enhancement 389 of rdgB 9 phenotypes is specific and not seen even in cells depleted of the immediate next 390 component of the PIP2 cycle in photoreceptors. These findings strongly indicate a key role 391 for dEsyt in specifically supporting the function of RDGB at the ER-PM MCS. Our data 392 suggest that in photoreceptors with a full capacity of RDGB function, cells can dispense with 393 the requirement for dEsyt. However in cells with limiting RDGB function (such as rdgB 9 ), 394 14 the requirement for dEsyt function becomes apparent. Thus our data clearly support a role 395 for dEsyt in supporting the lipid transfer function of RDGB at ER-PM contact sites in vivo. 396 Consistent with this model, we found that the dEsyt protein is localized to the base of the 397 microvillar PM at the ER-PM contact site where the RDGB protein is also specifically 398 localized (Vihtelic et al., 1993; Yadav et al., 2018) . 399 400 Although we found a normal density of ER-PM MCS in dEsyt KO photoreceptors at eclosion, 401
we noted that this changed as a function of age and illumination. Wild type photoreceptors 402
show a reduction in ER-PM MCS density with age; however, the drop in MCS density under 403 the same conditions was much greater in dEsyt KO with virtually no MCS observed in 14 day 404 old, constant dark reared flies. These findings imply that dEsyt function is essential to 405 maintain the stability of ER-PM MCS in photoreceptors. We also observed that although 406 the RDGB protein was correctly localized at the MCS at eclosion, in dEsyt KO photoreceptors, 407 the protein became delocalized as a function of age in the absence of dEsyt function. By day 408 6 the RDGB protein was substantially delocalized from the base of the microvilli in dEsyt KO , 409 although the total amount of RDGB protein in the cell was not reduced. During this study, 410
we also noted that the MCS density was lower in rdgB 9 ;dEsyt KO PLCb activity (ii) in wild type photoreceptors, ER-PM MCS density decreased as a function 426 of age and this decrease was dependent on ongoing PLCb activity. (iii) the loss of MCS in 427 dEsyt KO photoreceptors could be suppressed by norpA mutants. Together, these findings 428 suggest that PLCb activity is a key element of the mechanism by which MCS density is 429 regulated. Interestingly, in rdgB 9 , in which PM PIP2 levels are lower than wild type, MCS 430 density was reduced. Since both PLCb and RDGB regulate PIP2 levels, our observations 431 suggest that MCS density in photoreceptors is modulated by PIP2 turnover at the PM. Since 432 PIP2 turnover is a key step of phototransduction in Drosophila photoreceptors, it is possible 433 that in this cell type, illumination modulates MCS density. In turn this will alter the 434 biochemical activity of proteins localized at the MCS and their ability to maintain 435 microvillar PM homeostasis. Future studies will likely reveal the molecular mechanism by 436 which MCS density is tuned to ambient illumination and the broader question of PM 437 homeostasis by MCS in eukaryotic cells. The protein sequences for sequence alignment were obtained from NCBI: dEsyt-PA 463 (NP_733010.1), hEsyt1-isoform 1 (NP_001171725.1), hEsyt2-isoform 1 464 (NP_001354702.1), hEsyt3-isoform a (NP_001309760.1), yeast tcb1 (NP_014729.1), yeast 465 tcb2 (NP_014312.1), yeast tcb3 (NP_013639.1). Multiple sequence alignment of dEsyt 466 protein sequence with the human Esyts and yeast tricalbins were obtained using MUSCLE 467 (MUltiple Sequence Comparison by Log-Expectation) (Edgar, 2004) . The phylogenetic tree 468 reflecting the evolution of these proteins were obtained using neighbour joining method 469 MEGA6 (Molecular Evolutionary Genetics Analysis Version 6.0) (Tamura et al., 2013) . reference and the rest of the photoreceptors were scored. A score of 1 was given to each 483
rhabdomere that appeared to be wild type. Thus the control photoreceptors will have a score 484 of 7 and the mutants undergoing degeneration will have a score from 1 to 7. The results were 485 analysed and the graph was plotted using GraphPad Prism software. 
Western blot 503
Age matched flies were decapitated and the heads were homogenized in 2X laemmli sample 504 buffer followed by boiling at 95ºC for 5 minutes. For rhodopsin blot, the protein samples 505 were processed differently. The fly heads were snap frozen in liquid nitrogen and stored at -506 80ºC for a period of two days. These head samples were homogenised in 2X laemmli sample 507 buffer followed by boiling at 37°C for 30 minutes. Protein extracts from fly heads were 508 separated using SDS-PAGE and transferred onto nitrocellulose filter membrane [Hybond-509 C Extra; (GE Healthcare, Buckinghamshire, UK)] using wet transfer apparatus (BioRad, 510
California, USA). The membrane was blocked using 5% Blotto (sc-2325, Santa Cruz 511 Biotechnology, Texas, USA) in Phosphate Buffer Saline (PBS) with 0.1% Tween 20 (Sigma 512 Aldrich) (PBST) for 2 hours at room temperature (RT). Primary antibody incubation was 513 done overnight at 4⁰C using appropriate antibody dilutions: anti-RDGB (lab generated), 514 1:1000; anti-dEsyt (kind gift from Dr. Dion Dickman's lab), 1:2000; anti-rhodopsin (4C5-515 DHSB, lowa, USA), 1:250; anti-Gq, 1:1000; anti-TRP (lab generated), 1:4000; anti-norpA 516 ,1:1000 and anti-α-tubulin-E7c (DHSB, lowa, USA), 1:4000 . Following this, the membrane 517 18 was washed in PBST and incubated with 1:10000 dilutions of appropriate secondary 518 antibody (Jackson ImmunoResearch Laboratories, Pennsylvania, USA) coupled to 519 horseradish peroidase at RT for 2 hours. Three PBST washes were given and the blots were 520 developed with ECL (GE Healthcare) and imaged using LAS 4000 instrument (GE 521 Healthcare). Retinae were dissected in PBS and fixed with 4% paraformaldehyde in PBS with 1 mg/ml 566 saponin at room temperature for 30 min. Post fixation, the samples were washed in PBS 567 with 0.3% Triton X-100 (0.3% PBTX) followed by incubation with blocking solution (5% 568
Fetal Bovine solution in PBTX) for 2 hours at RT. The samples were then incubated 569 overnight with the respective antibody [anti-RDGB (lab generated); 1:300, dEsyt (kind gift 570 from Dr. Dion Dickman's lab); 1:200, mCherry (ThermoFisher Scientific-PA5-34974); 571 1:300] at 4 0 C. Post this, samples were washed thrice with 0.3% PBTX and incubated with 572 appropriate secondary antibody [Alexa Fluor 488 anti-rabbit (A11034), anti-rat (A11006) 573
and Alexa Fluor 633 anti-rabbit (A21070), Molecular Probes; 1:300 dilution] for 4 hours at 574
RT. Along with the secondary antibody incubation, Alexa Fluor 568-Phalloidin (Invitrogen, 575 A12380; 1:300) was used to mark F-actin. Samples were washed thrice with 0.3% PBTX, 576 followed by one final wash in PBS and were mounted with 70% glycerol in 1X PBS. The 577 whole-mounted preparations were imaged under 60X 1.4 NA objective, in Olympus FV 578 3000 microscope. 579 20 580
Electron Microscopy 581
The fly heads of mentioned genotypes were cut and immersed in 2% osmium tetroxide, kept 582 at 4˚C for 1 hour followed by incubation at 40˚C for 4 days. Specimens were washed with 583 distilled water, stained enbloc with uranyl acetate (0.5% in distilled water) for 3 hours. After 584 washing with distilled water, specimens were subjected to dehydration step and embedded 585 in epon. Ultrathin sections of 60 nm were cut and grids were subjected to post staining with 586 2% uranyl acetate (in 70% ethanol) and Reynold's lead solution. Sections were imaged at 120 587 KV on a Tecnai G2 Spirit Bio-TWIN (FEI) electron microscope. 588 589
Scoring MCS density 590
For scoring MCS density/photoreceptor cell, a total of 30 cells were taken to conduct analysis 591 for R1-R6 and 9 cells for R7. Using freehand line tool of image J, length of MCS (µm) /the 592 total length of the base of the rhabdomere (µm) was calculated. Fractions of MCS coverage 593 were multiplied with 100 to show the percentage. Groups were compared using the 594 GraphPad Prism 8 software. 595
Statistical analysis 596
Unpaired two tailed t test or ANOVA, followed by Tukey's multiple comparison test, were 597 carried out where applicable. 598 599
